Abstract: Ubiquitin ligases (E3 enzymes) transfer ubiquitin from ubiquitin-conjugating (E2) enzymes to target proteins. By determining the selection of target proteins, modification sites on those target proteins, and the types of ubiquitin modifications that are formed, E3 enzymes are key specificity factors in ubiquitin signaling. Here, I summarize our knowledge of the structural mechanisms in the HECT E3 subfamily, many members of which play important roles in human disease. I discuss interactions of the conserved HECT domain with E2 enzymes, ubiquitin and target proteins, as well as macromolecular interactions with regulatory functions. While we understand individual steps in the catalytic cycle of HECT E3 enzymes on a structural level, this review also highlights key aspects that have yet to be elucidated. For instance, it remains unclear how diverse target proteins are presented to the catalytic center and how certain HECT E3 enzymes achieve specificity in ubiquitin linkage formation. The structural and functional properties of the N-terminal regions of HECT E3 enzymes that likely act as signaling hubs are also largely unknown. Structural insights into these aspects may open up routes for a therapeutic intervention with specific HECT E3 functions in distinct pathophysiological settings.
Introduction
Ubiquitin, a small posttranslational protein modifier, regulates an astounding range of cellular signaling pathways (Komander and Rape, 2012) . It is attached to target proteins by a cascade of ubiquitin-activating (E1) enzymes, ubiquitin-conjugating (E2) enzymes, and ubiquitin ligases (E3 enzymes). With two E1 (Handley et al., 1991; Chiu et al., 2007; Jin et al., 2007; Pelzer et al., 2007) , approximately 40 E2 (Michelle et al., 2009) , and over 600 E3 enzymes (Li et al., 2008) in the human proteome, enzyme multiplicity increases dramatically throughout the catalytic cascade. Consistently, it is the battalion of E3 enzymes at the end of the cascade that has the major role in encoding the specificity of ubiquitin as a molecular signal. This specificity lies, at least in part, in the selection of target proteins and modification sites and in the types of ubiquitin modifications that are formed. Therefore, E3 enzymes are considered attractive targets for a therapeutic manipulation of specific ubiquitin-mediated signaling pathways in defined disease settings.
Based on their structural organization and mechanism, E3 enzymes are subdivided into three classes: RING (Really Interesting New Gene)/U-box-, HECT (Homologous to E6AP C-Terminus)-and RBR (RING-Between-RING)-type ligases. RING-type enzymes, the largest E3 subfamily, are characterized by a RING domain, a type of zinc finger domain, that interacts with ubiquitin-loaded E2 enzymes and facilitates the transfer of ubiquitin from the E2 to the target protein in a single step. This occurs typically through the RING domain-mediated stabilization of a particular 'closed' orientation of ubiquitin with respect to the E2 (Dou et al., 2012 (Dou et al., , 2013 Plechanovová et al., 2012; Pruneda et al., 2012; Branigan et al., 2015; Wright et al., 2016 ). In contrast, HECT-and RBR-type E3 enzymes contain a catalytic cysteine residue and form a thioester-linked complex with ubiquitin before passing ubiquitin on to a target protein Scheffner et al., 1995; Wenzel et al., 2011) . From a structural perspective, however, these latter two classes of enzymes are distinct. The unique architecture, catalytic mechanism, and regulation of HECT E3 enzymes is the subject of this review. Their various physiological and pathophysiological functions have been surveyed extensively elsewhere (Bernassola et al., 2008; Rotin and Kumar, 2009; Scheffner and Kumar, 2014) .
I will provide an overview of the domain architectures of all known human HECT E3 enzymes and highlight the common features of their reaction scheme, such as the catalytically imperative interactions of their canonical HECT domain with E2 enzymes, ubiquitin, and target proteins. Subsequently, I will discuss those regulatory interactions between HECT E3 enzymes and macromolecular factors that have been characterized structurally, with a particular focus on the role of HECT E3 oligomers. Finally, this review highlights the many open questions that currently limit our understanding of the structural mechanisms of HECT E3 enzymes.
Structural composition
The 28 human HECT E3 enzymes comprise between ~700 and ~4800 residues (Figure 1 ). They are characterized by an eponymous C-terminal HECT domain of ~40 kDa , first defined structurally for E6AP (UBE3A) (Huang et al., 1999) . The HECT domain consists of two lobes, a larger N-terminal lobe ('N-lobe') and a smaller C-terminal lobe ('C-lobe') that are connected by a short linker (Figure 2 ). Flexibility of this linker was found to be essential for catalysis ( Verdecia et al., 2003) and allows for rearrangements of the two lobes with respect to each other, as illustrated by various different crystal structures of HECT domains (Figure 2 ) (Lorenz et al., 2012) . The C-lobe contains a catalytic cysteine residue and interacts with ubiquitin during the transfer reaction. The very C-terminal region of the C-lobe ('C-tail') has also important, yet not entirely clarified roles in catalysis (Salvat et al., 2004; Kamadurai et al., 2013; Maspero et al., 2013) . While the N-lobe associates with E2 enzymes (Huang et al., 1999) , the recognition of target proteins is typically mediated by domains or motifs within the extended regions N-terminal to the catalytic HECT domain. The structural organization of these regions varies across the HECT E3 family (Figure 1) .
Members of the NEDD4 subfamily (NEDD4-1, NEDD4-2, ITCH, WWP1, WWP2, SMURF1, SMURF2, HECW1, HECW2, as well as the yeast homologue RSP5) contain a Ca 2+ -dependent, membrane-targeting C2 domain, followed by two to four WW domains that interact with particular proline-rich motifs (Ingham et al., 2004; Leon and Haguenauer-Tsapis, 2009 ). The structures of several individual C2 and WW domains have been determined in both apo and peptide-bound forms (Table 1) .
Enzymes in the HERC subfamily (HERC1 to 6) are predicted to contain RCC1 (Regulator of Chromatin Condensation 1) repeat domains N-terminal to the HECT domain. In HERC3 to HERC6 (~1000 residues long) the predicted RCC1 repeats and the HECT domain are separated by a ~340-to 585-residue linker with no recognizable domain content. In the larger HERC1 and HERC2 proteins (~4800 residues each), the predicted RCC1 repeats are located a ~140-residue distance from the HECT domain, and a number of additional predicted domains are scattered across their N-terminal regions (Figure 1 ).
The remaining 13 HECT E3 enzymes are also predicted to contain diverse domains N-terminal to their HECT domains ( Figure 1 ). As seen for the HERC subfamily, these structured domains only account for a small portion of the N-terminal regions. The remainder of these regions are not expected to adopt any known folds, but include stretches of low sequence complexity, indicative of intrinsic disorder. Interestingly, the amount of disorder in eukaryotic proteins was shown to be proportional to their interactivity (Haynes et al., 2006) . It is, therefore, tempting to speculate that the N-terminal regions of HECT E3 enzymes have evolved as interaction hubs for the co-localization of various signaling factors.
No structures of full-length HECT E3 enzymes are available at present. In fact, the longest HECT E3 fragments for which structures have been determined are all relatively short and contain <100 residues adjacent Verdecia et al., 2003) is shown in ribbon representation. The side chain of the catalytic cysteine residue is displayed as balls; the flexible linker connecting the two lobes is highlighted in yellow. The N-and C-termini of the polypeptide chain are labeled. Two alternate C-lobe positions, as seen in the crystal structures of E6AP (PDB ID: 1C4Z; Huang et al., 1999) , gray, and in a NEDD4-2 complex with an E2 and ubiquitin (PDB ID: 3JW0; Kamadurai et al., 2009) , white, are displayed in surface rendition in the background; for clarity, the corresponding N-lobes (that were superposed with the N-lobe of WWP1) are not shown. (Desrochers et al., 2017) The structures, as deposited in the PDB, are grouped into 4 sections: (i) HECT domains, (ii) extended HECT domain constructs, including N-terminally flanking regions, (iii) HECT domains in complexes with other proteins, and (iv) motifs/domains found in the N-terminal regions of HECT E3 enzymes. In each section, the structures are arranged in chronological order of their release. Entries for enzymes of the NEDD4 subfamily are shown in bold font to highlight their over-representation compared to structures of other types of HECT E3 enzymes. Domains that occur in the corresponding proteins more than once are numbered in N-to C-terminal direction (e.g. WW-1 corresponding to the most N-terminal WW domain). Structures for which no reference is provided have been deposited in the PDB, but are currently not accompanied by a publication. Any potential omissions in this table are unintended. 
Catalytic mechanism
HECT E3 enzymes catalyze a two-step reaction ( Figure 3A ). The first step is a trans-thioesterification reaction in which the E3 enzyme takes over ubiquitin from a ubiquitin-loaded E2 enzyme and forms a thioester linkage between its catalytic cysteine residue and the C-terminus of ubiquitin. In the second step, the activated C-terminus of ubiquitin is nucleophilically attacked by a primary amino group of a target protein, giving rise to an isopeptide bond between ubiquitin and the target protein. During ubiquitin chain formation, ubiquitin itself functions as a target protein.
Depending on which of the eight primary amino groups (seven lysine residues and the N-terminus) of ubiquitin acts as a nucleophile, different linkage types are generated. By convention, the ubiquitin molecule that is linked to the catalytic cysteine of the E3 (or E2) enzyme is referred to as the 'donor' ubiquitin, and the ubiquitin molecule that performs the nucleophilic attack on the donor during ubiquitin chain formation is called the 'acceptor' ubiquitin. The chemical basis of isopeptide bond formation by HECT E3 enzymes is incompletely understood. For instance, it is unclear which mechanisms promote the deprotonation of the attacking primary amino group of the acceptor ubiquitin, thereby rendering this group nucleophilic at physiological pH. In the analogous case of E2 enzymes, the pk a -value of the acceptor lysine was found to be suppressed through desolvation effects, as mediated by specific groups at the catalytic center (Yunus and Lima, 2006) . One of these groups, an acidic side chain, can be provided either by the E2 itself (Yunus and Lima, 2006) or by ubiquitin in a mechanism of substrate-assisted catalysis (Wickliffe et al., 2011) . In contrast, RBR ligases contain a histidine located two residues away from the catalytic cysteine that was proposed to act as a general base to promote deprotonation of the acceptor lysine (Stieglitz et al., 2013; Trempe et al., 2013) . Interestingly, features reminiscent of both mechanisms can be found in the C-tail of HECT E3 enzymes: The acidic side chain of the C-terminal aspartate residue of NEDD4-1 was suggested to approach the active site during catalysis and is essential for isopeptide bond formation (Maspero et al., 2013) . In case of WWP1 and RSP5, the C-terminus itself (rather than the acidic side chain) was suggested to contribute to the ligation reaction (Verdecia et al., 2003; Kamadurai et al., 2013) . Like RBR ligases, HECT E3 enzymes also contain a conserved histidine two residues from the catalytic cysteine that impacts the chemical environment at the catalytic center (Kamadurai et al., 2009 (Kamadurai et al., , 2013 .
Another key residue in HECT E3-mediated isopeptide bond formation is a phenylalanine four residues from the C-terminus ('-4 Phe') that is conserved in the majority of HECT E3 enzymes (Salvat et al., 2004) . While this residue was found to be disordered in most crystal structures of HECT domains, a structure of a chemically trapped proxy of RSP5, ubiquitin, and a target peptide during isopeptide bond formation shows that -4 Phe contacts the N-lobe (Kamadurai et al., 2013) . It was therefore proposed that the function of -4 Phe is to anchor the lobes with respect to each other in a ligation-competent state (Kamadurai et al., 2013) . Alternatively, -4 Phe has been hypothesized to contribute to the positioning of the donor or acceptor ubiquitin (Salvat et al., 2004; Kamadurai et al., 2013) .
How ubiquitin chain formation occurs is also not fully mechanistically understood. A variety of different models have been discussed (Verdecia et al., 2003; Hochstrasser, 2006) and include, for instance, the pre-assembly of thioester-linked ubiquitin chains on the catalytic cysteine of the E3, followed by the transfer of the chain to an acceptor lysine en bloc ('indexation' mechanism); the step-wise transfer of individual ubiquitin moieties to the acceptor ('sequential addition' mechanism); and more complicated mechanisms that involve E2 or E3 dimers (e.g. a 'seesaw' mechanism). Based on mutational and kinetic analyses, E6AP was proposed to build chains en bloc (Wang and Pickart, 2005) ; however, direct evidence for ubiquitin chains attached to the E3 active site is lacking. In contrast, UBE3C was suggested to transfer ubiquitin sequentially (Wang and Pickart, 2005) . The sequential addition mechanism has provided the basis for interpreting data in the majority of studies on NEDD4-type enzymes (French et al., 2009; Ogunjimi et al., 2010; Kim et al., 2011; Maspero et al., 2011; Herrador et al., 2013; Kathman et al., 2015) and has recently also been consolidated experimentally for a member of this subfamily, WWP1 (French et al., 2017) .
E2 recognition by the HECT N-lobe
Two structures of HECT domains in complex with E2 enzymes are available at present, E6AP with UBCH7 (Huang et al., 1999) and NEDD4-2 with UBCH5B ( Kamadurai et al., 2009 ) and reveal a common binding mode. The E2-E3-interface involves a critical Phe residue in a loop ('L4') region of the E2 that binds into a hydrophobic grove in the N-lobe of the E3 (Huang et al., 1999; Nuber and Scheffner, 1999; Kamadurai et al., 2009) (Figure 3B ). Based on kinetic analyses, it has been suggested that the HECT domain of E6AP contains a second E2 binding site (Ronchi et al., 2013) , but no structural model of this additional interaction is available at present.
The dissociation constant for the interaction between the E6AP HECT domain and UBCH7 falls in the low (A) Schematic of the reaction mechanism featuring the C-terminal HECT domain exclusively and including the apo state (in which the N-and C-lobe are flexible to each other); a non-covalent complex with a ubiquitin-loaded E2 enzyme (pre-trans-thioesterification state); a ubiquitinloaded E3 state (post-trans-thioesterification state); and complexes with an acceptor ubiquitin or target protein that result in isopeptide bond formation between the donor ubiquitin and the acceptor or target protein. The recruitment of target proteins is typically mediated by target-binding domains that are located N-terminal to the HECT domain. (B) Crystal structure of a pre-trans-thioesterification state, including an oxyester-linked ubiquitin-E2 conjugate (UBCH5B, C85S variant) and a catalytically inactive variant of the HECT domain of NEDD4-2 (C922A) (PDB ID: 3JVZ; Kamadurai et al., 2009 ). The inserts show details of the E2-N-lobe interface, including the key phenylalanine residue of the E2 (F62 in the case of UBCH5B) and contacting residues on the E3 within a distance of 5 Å (left side); the donor ubiquitin-C-lobe interface, including Ile 36, Leu 71, and Leu 73 of ubiquitin and surrounding residues of the C-lobe within a distance of 5 Å (right side). (C) Crystal structure of a cross-linked, ternary complex of the HECT domain of RSP5, ubiquitin (C75C), and a SNA3-derived peptide (acceptor lysine residue replaced by an unnatural amino acid), for details see text (PDB ID: 4LCD; Kamadurai et al., 2013) . The N-lobe of the HECT domain is shown in the same orientation as in (B). The cross-linker, connecting residues, and acceptor lysine-containing region of the peptide were not modeled, giving rise to a gap between the E3 active site and the N-terminus of the peptide. The insert (right side) shows details of the PY-motif of SNA3 binding to the WW domain; the missing peptide region (13 residues) between the PY-motif and the acceptor position is indicated by an arrow. The other insert (left side) shows that the C-terminal tail of ubiquitin is anchored by an ion pair on the N-lobe of the HECT domain. Protein backbones are shown in ribbon representation; the side chains of residues at the position of the catalytic cysteine are rendered as balls; and other labeled side-chains are shown as sticks. micromolar range in vitro, independently of the loading of the E2 enzyme with ubiquitin (Eletr et al., 2005; Eletr and Kuhlman, 2007; Purbeck et al., 2010; Mortensen et al., 2015) . In contrast, binding of UBCH5B to E6AP was found to be strengthened by the presence of E2-bound donor ubiquitin (Mortensen et al., 2015) . Interestingly, the affinity between SMURF2 and UBCH7 is enhanced by the adapter protein SMAD7, which provides interaction sites for both enzymes (Ogunjimi et al., 2005) . Additionally, co-localization effects can boost the occupancy of protein complexes in the cellular context, despite low affinities of the underlying pairwise protein-protein interactions. Context-dependent interactions have emerged as a recurring feature in the action of ubiquitination enzymes. They allow ubiquitination enzymes to mediate highly specific, yet transient, protein-protein interactions and enable an efficient handover of ubiquitin throughout the catalytic cascade (Eletr et al., 2005; Ye and Rape, 2009) .
The functional compatibility of individual HECT E3 and E2 enzymes was delineated systematically in vitro (Sheng et al., 2012) . However, it has proven difficult to pinpoint the structural determinants of their respective affinities and specificities, possibly due to a malleable nature of the relevant hydrophobic interactions (Eletr and Kuhlman, 2007; Kamadurai et al., 2009; Kar et al., 2012) . Also, with a few exceptions (Kumar et al., 1997; Anan et al., 1998; Medintz et al., 1998; Dastur et al., 2006; Wong et al., 2006; Stoll et al., 2011; Sung et al., 2016) , it is unclear which HECT E3 and E2 enzymes form physiological pairs. In consequence, it is also widely unknown whether HECT E3 enzymes transfer ubiquitin-like (Ubl) proteins besides ubiquitin. That this can indeed occur was shown for human HERC5 and murine HERC6, which transfer the Ubl ISG15 (Dastur et al., 2006; Wong et al., 2006; Oudshoorn et al., 2011; Ketscher et al., 2012) in collaboration with the E2 enzyme UBCH8 (Kim et al., 2004; Zhao et al., 2004) and the ISG15-specific E1 enzyme UBE1L (Yuan and Krug, 2001 ). It will be interesting to elucidate the structural underpinnings of the specificity of HERC5/6 for ISG15 and to interrogate whether other HECT E3 enzymes utilize Ubls in the cell.
Positioning of the donor ubiquitin on the HECT C-lobe
A structural characterization of the complexes formed between HECT domains, donor and acceptor ubiquitin is challenging, due to the low affinities of the underlying interactions and the hydrolytic susceptibility of the thioester linkage between the donor ubiquitin and the E3. Upon substitution of the native thioester bond by a stable analog, the structures of chemical mimics of donor-HECT domain complexes could be determined for three enzymes in the NEDD4 subfamily, NEDD4-1, NEDD4-2 and yeast RSP5, at different stages of the reaction cycle ( Kamadurai et al., 2009 ( Kamadurai et al., , 2013 Maspero et al., 2013) .
To crystallize a proxy of the E3-E2-ubiquitin complex in a state prior to trans-thioesterification, the thioester linkage between the E2 enzyme and donor ubiquitin was replaced by an oxyester (with a catalytic cysteine-to-serine variant) (Kamadurai et al., 2009) . To mimic the product of the trans-thioesterification reaction, a donor ubiquitin variant with the C-terminal glycine substituted by cysteine was linked to the catalytic cysteine of the E3 by a disulfide bond (Maspero et al., 2013) . Finally, to approximate the reaction complex during isopeptide bond formation, a three-way cross-linker was employed to bring together RSP5, ubiquitin, and a target protein-derived peptide (Kamadurai et al., 2013) .
In all three crystal structures, the donor ubiquitin forms a conserved hydrophobic interface with the HECT C-lobe. This interface includes residues Ile 36, Leu 71, and Leu 73 of ubiquitin and a hydrophobic surface patch on the C-lobe that is removed from the active site ( Figure 3B ). This arrangement is enabled by an extended conformation of the C-terminal tail of ubiquitin and allows the catalytic cysteines of the E2 and the E3 to come into close proximity. The interface between ubiquitin and the C-lobe can thus be preserved throughout the trans-thioesterification reaction. Consistently, the integrity of this interface was found to be critical for ubiquitin transfer (Kamadurai et al., 2009; Maspero et al., 2013) .
A similar hydrophobic tethering mechanism for the donor ubiquitin (or donor Ubl) promotes catalytic efficiency and processivity of E2 enzymes (Stewart et al., 2016) and was shown to be stabilized by RING-type E3 enzymes (Dou et al., 2012 (Dou et al., , 2013 Plechanovová et al., 2012; Pruneda et al., 2012; Scott et al., 2014; Branigan et al., 2015; Wright et al., 2016) as well as SUMO-ligases (Reverter and Lima, 2005; Cappadocia et al., 2015; Streich and Lima, 2016) . Importantly, however, the interactions of HECT E3 or E2 enzymes with the donor ubiquitin do not determine the linkage specificity of ubiquitin chain formation. Instead, such specificity arises from the recognition of the acceptor ubiquitin, as discussed below.
Attack by the acceptor ubiquitin: the missing key to understanding linkage specificity Which types of ubiquitin modifications individual HECT enzymes catalyze on cellular target proteins is incompletely understood. Some HECT E3 enzymes have been reported to catalyze mono-ubiquitination preferentially, some exhibit linkage specificity or, at least, selectivity in ubiquitin chain formation, and others appear promiscuous (Rotin and Kumar, 2009; Komander and Rape, 2012; Swatek and Komander, 2016) . Key to understanding how particular HECT E3 enzymes can encode linkage specificity is to reveal how those enzymes position the acceptor ubiquitin in such a manner that one particular primary amino group of the acceptor can nucleophilically attack the activated C-terminus of the donor that is bound at the E3 active site. Various studies have revealed that critical specificity determinants are encoded by the catalytic HECT domain (Wang and Pickart, 2005; Kim and Huibregtse, 2009; Sheng et al., 2012) . Furthermore, using chimeric HECT domains composed of lobes from different E3 enzymes, it was demonstrated that linkage specificity is governed by the C-lobe exclusively (Kim and Huibregtse, 2009 ). This implies that the C-lobes of linkage-specific HECT E3 enzymes interact with acceptor ubiquitin specifically and independently of the N-lobe. In line with this notion, residues in ubiquitin adjacent to particular acceptor lysines were found to be essential for linkage-specific chain formation (Wang et al., 2006) . Interestingly, the HECT C-tail was also found to impact linkage specificity in the case of NEDD4-1 (Maspero et al., 2013) . Similar to E2 enzymes whose affinities for ubiquitin in trans fall into the millimolar K D -range (Wickliffe et al., 2011) , however, the interactions of HECT C-lobes with ubiquitin have thusfar proven too weak to be detected in trans (French et al., 2009; Kamadurai et al., 2009; Kim and Huibregtse, 2009 ). Moreover, no structures of HECT domains with ubiquitin in an acceptor position facing the active site have been solved. Hence, it remains unclear on a structural level how linkage specificity is achieved by certain HECT E3 enzymes.
Target recruitment
The recognition and modification of target proteins by E3 enzymes is generally difficult to study on a structural level due to the weak and transient nature of their interactions. Analyses of many HECT-type E3 enzymes are presented with the added complication that the target binding domains of the E3 have either not been identified or are removed from the catalytic HECT domain by sequence stretches that are likely disordered. Our knowledge of target recognition by HECT E3 enzymes is, therefore, limited to rather few cases.
WW domains in the NEDD4 subfamily
As shown in Figure 1 , NEDD4-type enzymes contain a series of WW domains that can interact with specific proline-rich motifs, such as Leu/Pro-Pro-X-Tyr (L/PPXY, short 'PY') (Chen and Sudol, 1995) , in target or adapter proteins (Ingham et al., 2004; Leon and Haguenauer-Tsapis, 2009 ). How a WW domain-bound target protein is presented to the catalytic center on the HECT domain was visualized for the first time in a crystal structure containing the WW-3-HECT domain region of RSP5, donor ubiquitin, and a PYcontaining peptide derived from the target protein SNA3 (Kamadurai et al., 2013) . In this study, a complex mimicking the catalytic intermediate during isopeptide bond formation was trapped by means of three-way cross-linking of the catalytic cysteine of RSP5 with an engineered C-terminal cysteine in ubiquitin (G75C variant), and an unnatural amino acid in lieu of the acceptor lysine of the SNA3-peptide ( Figure 3C ). As described above, this structure showed that the binding mode of donor ubiquitin to the C-lobe is the same during isopeptide bond formation as pre-and post-trans-thioesterification. However, the C-terminal tail of ubiquitin is also anchored on the N-lobe (through a tail residue, Arg 74), which, together with specific inter-lobe contacts, generates a composite catalytic center that was suggested to prime the thioester bond for the attack by a target lysine ( Figure 3C ). Initial evidence suggests that a similar catalytic architecture is used by other members of the NEDD4 subfamily ( Kamadurai et al., 2013) .
The study also shed light on the structural basis of acceptor lysine selection: While the peptide region harboring the critical acceptor lysine of SNA3 and the 3-way crosslinker could not be built into the electron density, a computational model of the unresolved peptide region was generated. Combined with activity assays, these studies suggest that the WW domain adopts a fixed orientation (as seen in the crystal structure) with respect to the HECT domain and, therefore, a minimal spacer of 10 residues between the acceptor lysine residue and the WW domain-binding PY-motif is required for productive target modification ( Figure 3C ) (Kamadurai et al., 2013) .
Mademoiselle domain of UBR5
For HECT enzymes outside of the NEDD4 subfamily, little is known about the structural mechanisms of target protein modification. The HECT domain of UBR5 is flanked by a mademoiselle (MLLE) domain (also known as 'PABC' domain) (Deo et al., 2001 ) that interacts with a particular motif (PABP-interacting motif, abbreviated as 'PAM') in the target protein PAIP2 (Lim et al., 2006) . While a structure of the MLLE domain of UBR5 in complex with a PAM-peptide was determined and interactions between the MLLE and HECT domains were identified (Muñoz-Escobar et al., 2015) , it has remained unclear how exactly the MLLE domain is positioned with respect to the HECT domain. As for many other HECT E3 enzymes, the missing link is a structure containing both the catalytic and the target-binding domain of UBR5 to unveil their relative orientations.
Viral hijacking of E6AP
E6AP provides an example of how viral pathogens can hijack the ubiquitin-proteasome system of their host. In the presence of the human papilloma virus (HPV) E6 oncoproteins E6AP was found to ubiquitinate the tumor suppressor p53 and other proteins, thus promoting HPVinduced cervical carcinogenesis Beaudenon and Huibregtse, 2008) . A peptide motif, 'LXXLL', in the N-terminal region of E6AP mediates the interaction with the E6 protein Ansari et al., 2012; Zanier et al., 2013) . Recently, a structure containing the ternary complex of the LXXLL-peptide, E6, and the core domain of p53 was determined, and explains why the E6AP-E6 complex, but not the E6 protein alone, can recruit p53 (Martinez-Zapien et al., 2016 ). Yet, how p53 is presented to and modified by the HECT domain of E6AP is still unknown. Interestingly, while aberrant activation of E6AP promotes disease progression in cervical cancer, inactivation of this E6AP is linked to Angelman Syndrome, a neurodevelopmental disorder (Scheffner and Kumar, 2014) . In the latter context the critical target proteins of E6AP have remained unclear, with the exception of the synaptic protein ARC (Greer et al., 2010) .
Regulatory mechanisms
Our knowledge of the structural mechanisms that control the activities of HECT E3 enzymes is expanding at a rapid pace. Examples of virtually all imaginable regulatory principles have been identified in the HECT E3 family, including intramolecular domain interactions, changes in oligomeric states, interactions with macromolecular binding partners and small-molecule ligands, auto-ubiquitination, and other types of posttranslational modifications. The distinct regulatory mechanisms employed by individual HECT E3 enzymes are surveyed in the following paragraphs.
E6AP: to trimerize or not to trimerize
The activity of E6AP appears to be modulated by oligomerization; yet, the structural mechanisms of this phenomenon are incompletely understood. While the HECT domain of E6AP was the first one to be crystallized, both in its apo and E2-bound forms (Huang et al., 1999) , no additional structures of the E6AP HECT domain have been reported since then (Table 1 ). In both available structures, the HECT domain forms a crystallographic trimer through N-lobe-Nlobe interactions ( Figure 4A ). The C-lobes of neighboring subunits make only minor, electrostatic contacts with each other in this context. The question whether this crystallographic trimer presents a functionally relevant state of E6AP has been the subject of several studies with varied outcomes.
On the one hand, it was suggested that the trimeric arrangement of E6AP in the crystal is due to adventitious packing (Huang et al., 1999) . This interpretation was based on the observation that the crystallized E6AP construct is monomeric in solution, and that the substitution of a key interfacing residue in the crystallographic trimer, Phe 727, by alanine does not significantly impact the trans-thioesterification reaction (Huang et al., 1999) . Size-exclusion chromatographic studies of mammalian cell lysates are in line with this interpretation (Huibregtse et al., 1991; Martinez-Noel et al., 2012) : while full-length E6AP (~100 kDa) elutes as part of various macromolecular complexes, the protein was found to be enriched in elution fractions that likely correspond to a monomeric state (≤200 kDa, based on column calibration, i.e. assuming globular shape).
On the other hand, there has been a long-standing notion that E6AP self-associates, at least transiently, reaching back to the observation that, in the absence of the HPV E6 protein, the auto-ubiquitination of E6AP occurs predominantly in trans (Nuber et al., 1998) . More recently, a non-conservative amino acid substitution at the trimer interface, F727D, was found to decrease the size of recombinant, full-length E6AP, consistent with a trimer-to-monomer transition (Ronchi et al., 2014) . Moreover, various studies have referenced the crystallographic trimer to rationalize mutational results (Chan et al., 2013; Ronchi et al., 2014; Mortensen et al., 2015; Yi et al., 2015) . For instance, several mutations at the crystallographic trimer interface, including F727D, R626A, D543A, Y533A (a mutation site in Angelman syndrome), and Y636D (a variant mimicking phosphorylation of Y636 by the tyrosine kinase c-ABL) were found to reduce the activity of E6AP, nourishing the idea that the E6AP trimer represents an activated state (Chan et al., 2013; Ronchi et al., 2014 ).
An interesting cue for interpreting this complex body of data can be found in the crystal structure of E6AP: The crystallized construct is devoid of an N-terminal α-helical element [residues 472-496 of isoform 1, denoted here as 'α1′-helix' (Verdecia et al., 2003) ] that was found to be important for the stability of the HECT domain in the case of HUWE1 (Pandya et al., 2010) . The α1′-helix is present in all other crystallized HECT domain constructs ( Figure 1A ) and adopts a conserved position with respect to the remainder of the HECT domain in all of these structures, Sander et al., 2017) . Dimerization is mediated by an α-helical region that flanks the HECT domain N-terminally. The green subunit, in which the C-lobe is locked conformationally at the dimer interface, adopts an auto-inhibited state.
including those that contain extensions N-terminal to the HECT domain (Table 1) . When modeled into the structure of E6AP, this conserved position of the α1′-helix clashes with the crystallographic trimer interface, suggesting that the presence of the α1′-helix may promote a monomeric state. Yet, the sequence of the α1′-helix region of E6AP diverges from other HECT domains whose structures have been solved, so it remains unknown, how the α1′-helix region of E6AP is arranged structurally and if its presence would preclude trimer formation.
Interestingly, the addition of an α1′-helix-derived peptide to recombinant full-length E6AP, which was reported to trimerize in vitro, decreases the size of the protein, similar to the effect of the F272D substitution at the trimer interface (Ronchi et al., 2014) . In the context of the trimer model, this observation implies that the α1′-helix of E6AP is structurally shielded in the full-length protein and, hence, does not interfere in cis with trimer formation. When added in trans, however, the α1′-helix peptide has the ability to disrupt the trimer.
Cell-based analyses have revealed yet another interesting facet in the oligomerization behavior of E6AP (Yi et al., 2015) . Full-length E6AP was found to self-associate upon mutation of a physiological phosphorylation site for PKA in the α1′-helix region (T485A). In this study, however, self-association of the WT protein or a phospho-mimetic variant, T485D, respectively, was not detected, which points to a role of phosphorylation in inhibiting oligomerization of E6AP in the cell. The phosphorylation-deficient mutation (T485A) was found to enhance the interaction of E6AP with target proteins compared to the WT and the T485D variant and to stimulate both activity towards target proteins and auto-ubiquitination, as reflected in an increased proteasomal turnover of E6AP. However, the introduction of the trimer interface mutation, F727D, in the T485A background does not affect E6AP levels in this context. Therefore, it remains unclear if the effects observed in this study are related to the crystallographic E6AP trimer or a yet uncharacterized, alternate mode of oligomerization.
Taken together, it emerges that full-length E6AP has the ability to self-associate in the cell and that this process is modulated by phosphorylation. To understand the structural details of how oligomerization occurs and how it impacts the catalytic activity of this ligase, we may need to assess the conformational space of the α1′-helix. As will be discussed later, a study on RSP5 has posited that the position of the α1′-helix may be altered by regulatory events (Attali et al., 2017) . If applicable to E6AP, such a model could, perhaps, provide a way to integrate available experimental data. It will also be interesting to decipher at the structural level how the oligomeric state and activity of E6AP is regulated by posttranslational modifications other than phosphorylation as well as intra-and intermolecular interactions, indicated in several studies (Kühnle et al., 2011; Chan et al., 2013; Mortensen et al., 2015) .
The ubiquitin-binding 'exosite' of NEDD4-type enzymes
The activities of NEDD4-type enzymes can be modulated by the binding of ubiquitin to an area on the N-lobe, known as the 'exosite' (French et al., 2009; Ogunjimi et al., 2010; Kim et al., 2011; Maspero et al., 2011 Maspero et al., , 2013 Zhang et al., 2016; French et al., 2017) (Figure 4B ). This interaction is mediated by of series of conserved residues on the E3 that contact a region of ubiquitin that includes the canonical 'hydrophobic patch', centered on Ile 44, and extends towards the C-terminus by including Ile 36, Leu 71, and Leu 73 ( Figure 4B , insert). The affinity of ubiquitin for the exosite falls into the micromolar K D -range in vitro (Kim et al., 2011; Maspero et al., 2011; Zhang et al., 2016; French et al., 2017) .
The functional consequences of the association of ubiquitin with the exosite have been analyzed extensively. NEDD4-1, SMURF2, WWP1, and RSP5, were reported to depend on this interaction for the processive formation of target protein-bound, E3-bound or unattached ubiquitin chains (Ogunjimi et al., 2010; Kim et al., 2011; Maspero et al., 2011; French et al., 2017) . The consequences of the interaction for the mono-ubiquitination of target proteins varied between the studies (Ogunjimi et al., 2010; Kim et al., 2011) . It was suggested collectively, however, that the exosite site functions in tethering of the distal ubiquitin in a growing chain to the E3, thus stabilizing ubiquitinated target proteins on the E3 (Ogunjimi et al., 2010; Kim et al., 2011; Maspero et al., 2011) . In-line with this concept, a small-molecule inhibitor of NEDD4-1 that blocks the exosite was shown to switch the enzyme from a processive to a distributive mode of target modification (Kathman et al., 2015) .
A similar concept has been utilized to explain how the E2-like UEV domain of the ESCRT-I subunit VPS23 stimulates mono-ubiquitination of target proteins by RSP5: The ubiquitin-interacting UEV domain is thought to compete with the E3 exosite for the binding of target protein-bound ubiquitin, thus suppressing chain elongation and favoring mono-ubiquitination (Herrador et al., 2013) .
Perplexingly, ubiquitin binding to the exosite of NEDD4-1 and RSP5 has also been reported to restrict ubiquitin chain elongation (French et al., 2009) . Recently, ubiquitin variants with enhanced affinities for the exosite were employed to dissect the role of the exosite in several HECT E3 enzymes (Zhang et al., 2016) . These comparative studies demonstrated that the occupation of the exosite with ubiquitin variants has rather complex effects with regard to processivity, chain elongation, target lysine choice, and domain-domain interactions and can impact individual parts of the reaction in different ways, depending on the identities of the E3 and target proteins and precise constructs used (Zhang et al., 2016) .
A role for the C2 domain in controlling NEDD4-type enzymes
The activities of NEDD4-type enzymes are also modulated by intramolecular interactions of the HECT domain with the N-terminal C2 and WW domains and intervening regions. For instance, it was shown by NMR spectroscopy that the C2 domain of SMURF2 associates with the HECT domain (Wiesner et al., 2007) . The C2 domain-binding site of SMURF2 overlaps largely with the ubiquitin-binding exosite on the N-lobe, but it also involves a region of the C-lobe in proximity to the catalytic cysteine (Wiesner et al., 2007; Mari et al., 2014) . Binding of the C2 domain to the HECT domain is therefore expected to restrict the flexibility of the two lobes. Consistent with the observation that inter-lobe flexibility is important for HECT activity (Verdecia et al., 2003) , the intramolecular interaction was found to inhibit the activity of SMURF2 and to interfere with both the binding of ubiquitin to the exosite, required for processive ubiquitin chain formation, and the transfer of ubiquitin to the E3 active site (Wiesner et al., 2007; Mari et al., 2014) . The auto-inhibitory interaction can be released by the adapter protein SMAD7, which associates with the HECT domain of SMURF2 and displaces the C2 domain (Wiesner et al., 2007) .
Interestingly, the HECT domain binding site on the C2 domain of SMURF2 overlaps with a binding site for specific phospholipids, which may provide an additional layer of regulation: C2 domain-phospholipid interactions are thought to anchor SMURF2 at the cytoplasmic membrane, thus co-localizing it with its targets (TGF-β receptor complexes), while at the same time releasing the HECT domain from its intramolecular engagement to keep the ligase in an active state (Wiesner et al., 2007) . A similar mechanism was proposed for NEDD4-2, in which the autoinhibitory intramolecular association of the C2 and HECT domains competes with Ca 2+ -binding to the C2 domain and Ca
2+
-dependent interactions of the HECT domain with phospholipids (Wang et al., 2010; Escobedo et al., 2014) .
Auto-inhibitory functions have also been assigned to the C2 domains of NEDD4-1 and WWP2 (Kamynina et al., 2001; Snyder et al., 2001; Wiesner et al., 2007) . Interestingly, the activation state of NEDD4-1 is sensitive to phosphorylation. FGFR1-mediated activation of the tyrosine kinase SRC promotes the phosphorylation of two tyrosine residues in the HECT and C2 domains of this ligase, which interferes with the ability of these domains to associate with each other and hence activates ligase activity (Persaud et al., 2014) .
WW domains and linker regions: additional regulatory elements in the NEDD4 subfamily
A recent study on WWP2 identified the helical linker region between its second and third WW domain (the '2,3-linker'), rather than the C2 domain, as a key element mediating auto-inhibition . A crystal structure of a WW-2 construct, in which the WW-2 domain-2,3-linker region was fused N-terminally to the HECT domain reveals extensive interactions between the 2,3-linker and the N-lobe, including the ubiquitin-binding exosite ( Figure 4C) . Consequently, the association of a ubiquitin variant with this WWP2 construct is significantly weakened. The 2,3-linker also engages with the inter-lobe linker of the HECT domain, which is expected to contribute to auto-inhibition by restricting the flexibility of the two lobes. Notably, the 2,3-linker of WWP2 contains two tyrosines, which stimulate both ubiquitin binding and catalytic activity when phosphorylated, thus providing another level of regulation . Another recent structural study delineated a 2,3-linker-mediated auto-inhibitory mechanism for ITCH that closely resembles the one described for WWP2 (Zhu et al., 2017) . Interestingly, this study also showed that ITCH can be activated upon mutational disruption of a contact at the interface between the N-lobe and the C-lobe in the auto-inhibited state, attesting to the idea that inter-lobe flexibility is a critical component of ligase activation.
In contrast to WWP1, WWP2 and ITCH, deletion of the 2,3-linker does not stimulate the activity of NEDD4-1 . Instead, a region C-terminal to the first WW domain of NEDD4-1 was found to have an auto-inhibitory role .
The WW domains themselves have been reported to serve regulatory functions (Gallagher et al., 2006; Bruce et al., 2008; Mund and Pelham, 2009; Mund et al., 2015; Riling et al., 2015; Chen et al., 2017; Zhu et al., 2017) . On the one hand, inhibitory interactions between WW and HECT domains were suggested to be mediated by PY-motifs in the C-lobe of NEDD4-2 (Bruce et al., 2008; Escobedo et al., 2014) and in the N-and C-lobes of ITCH (Riling et al., 2015) , respectively. However, available crystal structures show that these motifs are not accessible in the context of the folded HECT domain, so their contributions to the autoinhibition of the native proteins have remained unclear (Bruce et al., 2008; Riling et al., 2015) .
On the other hand, interactions of WW-domains with PY-containing protein ligands, such as NDFIP1 (NEDD4-family interacting protein 1) were shown to activate some HECT E3 enzymes, such as ITCH and WWP2 (Mund and Pelham, 2009; Mund et al., 2015; Riling et al., 2015; Zhu et al., 2017) , likely by displacing the WW-2 domain and 2,3-linker from the HECT domain (Zhu et al., 2017) . Moreover, activation of ITCH can be brought about by serine/ threonine kinase JNK1-mediated phosphorylation within a proline-rich region preceding the WW domains (Gallagher et al., 2006; Zhu et al., 2017) .
RSP5: auto-ubiquitination, oligomerization, and the exosite
The activity of yeast RSP5, a NEDD4-type E3, has recently been proposed to be regulated through a mechanism of auto-ubiquitination-dependent oligomerization, in which the α1′-helix is thought to act as a structural switch (Attali et al., 2017) . This model is based on the following main observations: RSP5 self-associates in cells (Dunn and Hicke, 2001; Attali et al., 2017) , and a truncated HECT domain construct lacking the α1′-helix oligomerizes in vitro, at least partially in a trimeric form. This oligomerization behavior can be recapitulated by genetically fusing ubiquitin to the N-terminus of the α1′-helix. This construct is thought to mimic an auto-ubiquitinated state of RSP5, in which a lysine residue near the N-terminus of this helix is modified with ubiquitin. In this context, mutation of the hydrophobic patch of ubiquitin (I44A) and the exosite of RSP5 (I537D) were found to interfere with oligomerization and to stimulate activity. Therefore, it was hypothesized that the ubiquitin moiety that was fused to the α1′-helix may be able to dock via its hydrophobic patch onto the exosite of the HECT domain in cis, thereby removing the α1′-helix from its canonical location. This, in turn, may promote the formation of a RSP5 trimer, analogous to the crystallographic trimer formed by the truncated E6AP construct that is lacking the α1′-helix. It should be noted, however, that the trimerization of E6AP was suggested to be associated with hyper-activation (Chan et al., 2013; Ronchi et al., 2014) , whereas the proposed RSP5 trimer model confers auto-inhibition. This model of RSP5 regulation has profound structural implications, in particular for the role of the α1′-helix, but also for the adjacent N-terminal regions and intramolecular domain interactions that await to be explored.
HUWE1: a unique dimerization switch
The regulation of HUWE1 has been proposed to involve a conformational switch between an active monomeric and an auto-inhibited dimeric state (Sander et al., 2017) . The dimerization is mediated by two amphipathic helices that flank the HECT domain and form an asymmetric, hydrophobic interface in a crystal structure of the C-terminal region of this enzyme ( Figure 4D ). The dimeric arrangement conformationally locks the C-lobe of one subunit and buries its catalytically important C-tail. If HUWE1 were to bind donor ubiquitin in the same way as NEDD4-type enzymes, this interaction would also be obstructed in the context of the dimer. The dimerization of C-terminal constructs of HUWE1 in solution was shown to be modulated by a region, the 'activation segment', located ~50 residues N-terminally to the dimerization region. This segment is thought to interact with the dimerization region in cis, hence counteracting dimer formation and stimulating ligase activity.
Remarkably, the activation segment also provides a binding site for the tumor suppressor, p14ARF, (Sander et al., 2017) a physiological inhibitor of HUWE1 (Chen et al., 2005) . It was therefore proposed that p14ARF inhibits HUWE1 by sequestering the activation segment and shifting the conformational equilibrium towards the inhibited dimer (Sander et al., 2017) .
Future studies ought to consolidate these ideas and provide structural views of extended HUWE1 constructs and complexes with p14ARF. It will also be important to investigate how the activity of HUWE1 is tuned by other physiological factors in the cellular context.
Outlook
Since the original structural description of the catalytic HECT domain (Huang et al., 1999) , many significant insights into the structural mechanisms and the conformational plasticity of this domain have been obtained. This is particularly true for enzymes in the NEDD4 subfamily, which have been disproportionally well characterized (Table 1) . However, it has not been systematically analyzed to what extent the mechanistic features of NEDD4-type enzymes are conserved in the entire HECT E3 family. For instance, it is unknown if the modes of donor ubiquitin recognition and exosite binding seen in NEDD4-type enzymes are also used by enzymes outside of this subfamily.
Furthermore, central questions remain open at all stages of the catalytic cycle across the HECT E3 family. For one, the orientation of acceptor ubiquitin at the E3 active site has not yet been structurally visualized. Consequently, it is unknown how certain HECT E3 enzymes can encode linkage specificity in ubiquitin chain formation -a key determinant of ubiquitin function. It will also be important to gain more insights into the interactions of HECT E3 enzymes with their target proteins in order to understand how distinct target proteins are presented to the catalytic center, how individual lysine residues are selected for modification, how ubiquitin chains are formed on target proteins, and how chain length is controlled. One key to answering these questions on a structural level will be to overcome the low affinities that typically underlie E3-substrate interactions and to stabilize relevant protein complexes in vitro. To this end, semi-synthetic and click chemistry strategies (Spasser and Brik, 2012) will continue to provide valuable tools.
To understand how HECT E3 enzymes -as opposed to HECT domains -work, we need to uncover the structural and functional properties of the extended N-terminal regions of these enzymes. The rather large size of these regions, their scarcity in conserved domains, and abundance of low sequence complexity stretches suggests that these regions may act as platforms for the assembly of supramolecular complexes. Proteomic analyses have started to shed light on such roles (Lu et al., 2008; Martinez-Noel et al., 2012; Galligan et al., 2015) . For instance, over 300 interaction partners have been identified for the giant HECT E3 enzyme HERC2 that implicate this enzyme in diverse cellular pathways, including DNA damage repair, translation, energy metabolism, and protein trafficking (Galligan et al., 2015) . How HECT E3-mediated protein complexes are organized in space and time, what their structural underpinnings are, and if/how their physiological functions relate to the catalytic activity of the E3 are exciting questions for future studies. Answering these questions may open up avenues toward rational, therapeutic manipulations of specific HECT E3 functions. Targeting individual HECT E3 enzymes is an appealing strategy, particularly since the existing structural data has revealed diverse and possibly even enzyme-specific mechanisms of regulation. While this may be due to the limited number of HECT E3 family proteins characterized to date, it also holds the intriguing potential of exploiting enzyme-specific regulatory features for therapeutic benefit.
